An axially super-resolved quasi-spherical focal spot can be generated by focusing an amplitude-modulated radially polarized beam through a high numerical aperture objective. A method based on the unique depolarization properties of a circular focus is proposed to design the amplitude modulation. The generated focal spot shows a ratio of x∶y∶z ¼ 1∶1∶1:48 for the normalized FWHM in three dimensions, compared to that of x∶y∶z ¼ 1∶0:74∶1:72 under linear polarization (in the x direction) illumination. Moreover, the focusable light efficiency of the designed amplitude-modulated beam is 65%, which is more than 3 times higher than the optimized case under linear polarization and thus make the amplitude-modulated radial polarization beam more suitable for a wide range of applications. © 2011 Optical Society of America OCIS codes: 050.1970, 220.1230.
Achieving a higher axial resolution and overcoming the axial elongation of a point spread function (PSF) of an objective have remained a fundamental challenge for confocal microscopy, three-dimensional (3D) laser nanofabrication, and optical data storage. Several methods based on the linearly polarized incidence, such as using the 4Pi microscope [1] , shaded-ring filters [2, 3] , and purely absorbing or complex transmittance pupils in confocal scanning microscopy [4, 5] , have been proposed to enhance the axial resolution of the PSF. Among them, using a shaded-ring filter to modulate the amplitude distribution is preferred, since it does not lead to undesired strong sidelobes. However, the focusable light efficiency of the optimized shaded-ring filter for a linearly polarized beam [2, 3] is low (<20%). Moreover, the inherent elongated field distribution associated with a linearly polarized beam in the focal plane along the incident polarization direction makes it impossible to achieve a circular focal spot even when the axial size of the PSF is optimized.
Because of the circular symmetry in the focal plane of a radially polarized beam and the flexibility to manipulate the three polarization components in the focal region [6] [7] [8] [9] , radially polarized beams have found broad applications in laser trapping [10] , nanorod excitation [11] , 3D laser nanofabrication [12] , plasmonic lensing [13] , and the generation of a longitudinally polarized focal spot [14, 15] . In this Letter, we propose and demonstrate both theoretically and experimentally the use of an amplitudemodulated radially polarized beam for generating an axially super-resolved quasi-spherical focal spot through manipulating the radial and longitudinal polarization components in the focal region. Compared with the optimized design under linear polarization illumination [2, 3] , the amplitude-modulated radially polarized beam can not only maintain the transverse circular symmetry of the focal spot but also provide an improvement of the focusable energy by a factor of 3. Compared with the unmodulated focal spot under radial polarization illumination, a 34% improvement in the axial/transverse aspect ratio and an 18.5% enhancement in axial resolution have been achieved.
An amplitude-modulated radially polarized beam can be generated using the setup shown in Fig. 1(a) , in which a spatial light modulator (SLM) and a radial polarization converter are employed. Our method starts by considering the incidence of a monochromatic, radially polarized uniform plane wave on the back aperture of an aberration-free high NA objective obeying the sine condition shown in Fig. 1(b) . According to the vectorial Debye theory [16] , the electric fields of the longitudinal component E z and radial component E r in the focal region are given as 
where PðθÞ ¼ PðRÞ ffiffiffiffiffiffiffiffiffiffi ffi cos θ p is the apodization function of the focusing objective, PðRÞ is the amplitude distribution within the lens aperture, and R is the coordinates in the aperture plane. θ max ¼ a sinðNA=nÞ is the maximum value of the convergence angle θ. In this Letter, the NA is 1.4 and n is 1.514. k is the wavenumber of the incident beam, and r and z are the coordinates in the focal region as defined in Fig. 1(b) . f is the focal length of the objective. J 0 ðxÞ and J 1 ðxÞ are the zeroth-order and the firstorder Bessel functions of the first kind.
From the Bessel function J 0 in the integral given by Eq. (1), one can see that a key feature of the focal field of a radially polarized beam is the existence of a strong and axially elongated longitudinal component that has its peak on the optical axis. Meanwhile, the radial component has a donut shape with a zero field strength on the optical axis, owing to the Bessel function J 1 in the integral given by Eq. (2). Thus the axial resolution solely depends on the longitudinal component, which is dominantly contributed by the large convergence angle portion of the incident beam. For the radial direction, since the size of the radial component, which is dominantly controlled by the small convergence angle portion of the incident beam, is much larger than that of the longitudinal component, it would be beneficial if the strength of the radial component and the longitudinal component could be balanced, which leads to a quasi-spherical overall focal spot. Based on these analyses, a three-zone amplitude-modulated back aperture is designed, as shown in Fig. 1(c) , to manipulate the weighting of the two vectorial components in the focal region so that the aspect ratio and axial resolution of the PSF can be engineered. In the design, the transparent zone 1 and zone 3 dominantly contribute to the radial and longitudinal components, respectively. The semitransparent zone 2 is used to control the weighting of these two components through the tuning of the transmittance. R 1 and R 2 are the normalized radii of zone 1 and zone 2 to the objective aperture, respectively.
To characterize the focal spot, we define the following parameters. The aspect ratio is defined as α ¼ W z =W r , where W z is the FWHM in the axial direction and W r is the FWHM in the radial direction. The enhancement in axial resolution is defined as β ¼ W z0 =W z , where W z0 is the normalized axial size (normalized to the wavelength of the incident beam at 800 nm) of an unmodulated radial focus. The ratio of the sidelobe strength compared to that of the central lobe is defined as ε ¼ I smax =I cmax , where I smax is the peak intensity of the highest sidelobe and I cmax is the peak intensity of the central lobe. The focusable light efficiency of the amplitude modulation is defined as η ¼ A m =A 0 , where A m and A 0 are the integrals of modulated field amplitude and the field amplitude of a uniform plane wave across the pupil aperture, respectively. Our aims are (a) to enhance the axial resolution (β > 1), (b) to achieve a quasi-spherical focal spot (α close to 1), (c) to achieve high focusable light efficiency (η > 60%), and (d) to suppress the sidelobes (ε ≤ 0:3). In the following, we present a case design of the amplitude-modulated radially polarized beam to fulfill all the requirements mentioned above.
We first optimize R 1 without considering the high angle contributions from zone 2 and zone 3 to maximize the contributions to the radial component, which effectively corresponds to the reduction of the NA of the objective. The dependence of the ratio of the radial and longitudinal peak intensities on the effective NA is shown in Fig. 2(a) . It is found that the radial component has a strength equal to the longitudinal component when the effective NA is 0.61, which can be used as the boundary radius for zone 1 as shown in Fig. 2(a) .
Under this condition, high angle incident light in zone 3 can be optimized by considering zone 1 is transparent and zone 2 is opaque to increase the effective NA so that enhanced axial resolution can be achieved. The normalized FWHM in the axial direction W z versus R 2 is shown in Fig. 2(b) . The smallest size is 0:79λ, occurring at R 2 ¼ 0:89 for the 1.4 NA objective. The transmission of zone 2 is adjusted to control the weighting of the radial and longitudinal components, which eventually control the aspect ratio (α), axial resolution enhancement (β), sidelobe strength (ε) of the focal spot, and transmission efficiency (η). The dependence of α, β, ε, and η on the transmission (T) of zone 2 is shown in Figs. 2(c) and 2(d) . As expected, the light from zone 2 contributes more to the longitudinal component than the radial component. Increasing the transmission of zone 2 enlarges the aspect ratio due to the increase in the strength and the axial size of the longitudinal component. At the same time, the focusable light efficiency is improved and the sidelobe strength is decreased. Since ε ≤ 0:3 is a reasonably low sidelobe [2] , it has been used as one of the criteria for our design. Under such a circumstance the corresponding transmittance is T ¼ 0:18, the aspect ratio is 1.48, the axial resolution enhancement is 1.23, and the overall focusable light efficiency is 65%, as marked in Fig. 2 , compared with the unmodulated radially polarized beam. Therefore, the normalized amplitude distribution function of the designed beam is
The electric energy density profiles of the total field in the focal region of a radially polarized uniform beam and the one with the designed amplitude modulation, focused by a 1.4 NA objective, are presented in Figs. 3(a) and 3(b) , respectively. An improvement of 34% in the aspect ratio is evident. At the same time an 18.5% improvement in axial resolution can be also achieved, which is shown in the cross-section comparison in Fig. 3(c) . The result can also be compared to the optimized shaded-ring filter designed for a linearly x-polarized beam. The 3D FWHM ratio is x∶y∶z ¼ 1∶1∶1:48 in our case, while x∶y∶z ¼ 1∶0:74∶1:72 in the optimized linear polarization case. Most important of all, the energy transmission efficiency of our design is 65%, which is more than 3 times that of the optimized shaded-ring filter [2, 3] .
Using the experiment setup shown in Fig. 1(a) , we experimentally verified our design. The amplitude modulation of a femtosecond laser beam at wavelength 800 nm is generated using an SLM (Holoeye Pluto) based on the birefringence of the liquid-crystal molecules [17] . This amplidute-modulated beam is converted to a radial polarization state through a radial polarization converter (Arcopix) [18] . The gray-level image of the designed amplitude modulation and the generated beam amplitude profile measured by a wavefront sensor (HASO) are shown in insets a and b of Fig. 4 , respectively, which are almost identical except the dark line in the middle, which is introduced by the phase singularities of the radial polarization converter [17] . The axial response of the focused beam by a high NA objective (Olympus, UPLSAPO 100×, 1.40 NA) from a gold coated mirror (M3) is recorded by a photomultiplier tube (PMT). The experimental axial response curves, which are average results of ten time measurements, reproduce the shape of the theoretical calculation in Fig. 3(c) . The FWHM of the axial response of the unmodulated focal spot is 935 AE 5 nm, while the one with the amplitude modulation pattern is 760 AE 5 nm. An 18.5% enhancement is achieved, matching the theoretical prediction exactly.
In conclusion, we have demonstrated both theoretically and experimentally a design of the amplitudemodulated radially polarized beam for generating an axially super-resolved quasi-spherical focal spot. Based on controlling the weighting of the radial and longitudinal components in the focal region, we have obtained a 34% improvement in the aspect ratio and an 18.5% enhancement in axial resolution. Compared to the optimized shaded-ring filter designed for a linearly x-polarized beam, we have achieved 16% and 58% improvements in the aspect ratio in the x-z and y-z planes, respectively. Moreover, the focusable light efficiency of the designed amplitude-modulated radially polarized beam is more than 3 times higher.
